R apid laboratory identification of tuberculosis (TB) and Mycobacterium tuberculosis drug resistance are critical to ensure timely initiation of therapy, to inform appropriate TB therapy, and to facilitate infection control. Early diagnosis of TB and drugresistant disease is of particular importance in human immunodeficiency virus (HIV)-infected individuals, as delay of therapy (1, 2) and drug-resistant TB (3) can be devastating in those with compromised immune systems. Diagnosis of TB in HIV can be a particular challenge, as 24% to 61% of HIV coinfected individuals with pulmonary TB have acid-fast bacillus (AFB)-smear-negative sputum (2). Culture-based testing for M. tuberculosis and M. tuberculosis drug resistance requires an unacceptably long turnaround for results, is limited by contamination rates, and requires considerable infrastructure and human resources.
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Molecular line probe assays (LPA) permit rapid diagnosis of TB, isoniazid and rifampin resistance, and clinically relevant non-M. tuberculosis mycobacteria. In these assays, DNA or RNA is isolated from culture or direct (i.e., sputum) respiratory samples and then amplified and reverse hybridized onto a nitrocellulose strip with immobilized probes for different mycobacteria or for mutations that confer resistance. These strips can be quickly interpreted using a template, with the entire testing process taking a day or less in most cases. In 2008, the World Health Organization endorsed the use of line probe assays for detection of M. tuberculosis drug resistance; however, use was recommended on culture specimens and AFB-positive (AFB ϩ ) sputum specimens only, given the lack of data for use in AFB-negative sputum (4) . Given the prevalence of paucibacillary disease in HIV-TB coinfection, it is important to understand line probe performance across the spectrum of bacillary loads in HIV-infected persons, in whom there are limited data to inform use of line probe assays.
The GenoType MTBDRplus (MTBDR-Plus) (Hain Lifesciences GmBH, Nehren, Germany) identifies rifampin (RIF) and isoniazid (INH) resistance by detecting the most common mutations of the rpoB gene and the katG and inhA genes, respectively, and can be used on both cultured and direct specimens. MTBDR-Plus LPA RIF and INH resistance results can be interpreted only if M. tuberculosis has been successfully identified by the assay probe for it. Several studies have suggested excellent performance of MTBDRPlus in AFB-negative direct specimens with interpretable results in 80.0% to 95.8% of specimens (5, 6) , but interpretable test rates have been as low as 13.7% in one series (7) . Of note, these studies were conducted in populations that were either HIV uninfected or HIV status unknown. The GenoType mycobacteria direct line probe assay (Direct LPA) (also Hain Lifesciences GmbH) is another line probe assay that uses nucleic acid sequence-based amplification (NASBA) to identify the mycobacterial species-specific 23S rRNA, thus differentiating the M. tuberculosis complex from four other clinically relevant mycobacterial species, Mycobacterium avium, M. intracellulare, M. kansasii, and M. malmoense. The nontuberculosis species M. avium and M. intracellulare (collectively known as the M. avium complex [MAC] ) and M. kansasii are important causes of pulmonary and disseminated disease in HIV-infected patients (8) (9) (10) (11) . Importantly, these pathogens would be missed with rapid diagnostics that identify only Mycobacterium tuberculosis. The Direct LPA is designed for use on direct sputum specimens. Data are limited for AFB-negative direct sputum samples and in HIV-infected populations, but small studies have reported sensitivities of 69.0% to 89.6% (6, 12) . We sought to determine the accuracy of the MTBDR-Plus and Direct LPA in HIV-infected TB subjects, with both AFB ϩ and AFB-negative sputum specimens, in comparison to liquid culture. We also evaluated the incremental yield of a second Direct LPA performed on an additional sputum specimen as well as an additional MTBDR-Plus LPA performed on mycobacterial culture.
MATERIALS AND METHODS
Study population. This was a cross-sectional analysis of HIV-infected individuals with suspected tuberculosis enrolled from 7 sites: Rio de Janeiro, Brazil; Lima, Peru; 2 sites in Botswana (Gaborone and Molepole); and 3 sites in South Africa (1 in Johannesburg and 2 in Durban). Qualifying participants on Ͻ7 days of TB therapy were referred from clinical care to the research sites with either (i) confirmed TB (sputum AFB ϩ or culture positive) or (ii) probable TB (no smear-or culture-positive specimen but empirical TB treatment anticipated based on clinical symptoms). Clinical TB symptoms and signs were defined as one or more of the following: fever for Ͼ2 weeks, unintentional weight loss, night sweats, radiographic findings compatible with TB, or contact with TB-infected individuals. All participants provided one sputum specimen, with a minimum volume of 3 ml, either expectorated or induced, tested for the following: AFB smear, liquid mycobacterial culture, GenoType Direct LPA (decontaminated sediment), and GenoType MTBDR-Plus (decontaminated sediment and culture). The first 109 participants enrolled provided a second sputum specimen which was tested with AFB smear as well as Direct LPA and MTBDR-Plus LPA on decontaminated sediment. All participants with initial negative M. tuberculosis culture or with contaminated/missing results were evaluated 24 weeks after enrollment for all interim mycobacterial results and follow-up TB status. Follow-up TB ϩ cases were defined as those with sputum cultures positive for TB after enrollment. Lab testing occurred at one of three laboratories: (i) Contract Laboratory Services in Johannesburg, South Africa, (ii) Fundação Oswaldo Cruz Instituto de Pesquisa Clinica Evandro Chagas Laboratório de Bacteriologia, Rio de Janeiro, Brazil, and (iii) Blufstein Laboratório Clínico, Lima, Peru.
Conventional microbiology testing. Sputum samples were digested and decontaminated with 1% N-acetyl-L-cysteine-sodium hydroxide (NALC/NaOH) as outlined by Kent and Kubica (13) . After digestion and decontamination, specimens were neutralized and centrifuged at 3,000 ϫ g for 15 min. AFB smears were prepared from decontaminated sediment with auramine and a potassium permanganate counterstain and evaluated with a Lumin portable light-emitting diode (LED) objective (40ϫ) (LW Scientific, Lawrenceville, GA) for a minimum of 100 fields, using the WHO/International Union against Tuberculosis and Lung Disease (IUALTD) scale for fluorescence microscopy (FM) (14) . Sediment was prepared for culture in mycobacterial growth indicator tube (MGIT) culture (Becton, Dickinson) according to the manufacturer's instructions (15) . In cultures with mycobacterial growth, identification to the species level was performed using biochemical testing (13) . Cultures in which the species was identified as M. tuberculosis underwent drug susceptibility testing using Bactec MGIT streptomycin, INH, RMP, and ethambutol (SIRE) (16) , and the critical concentration was 1.0 g/ml for RIF and 0.1 g/ml for INH. Mycobacterial blood cultures were performed at clinician discretion using Bactec 9050 or Myco/F Lytic (both Becton, Dickinson).
Line probe assay testing. Testing was conducted in accordance with manufacturer's recommendations and was performed by laboratory staff members trained by the manufacturer. DNA/RNA extraction, PCR, and reverse hybridization were conducted in separate rooms to minimize contamination. Tests were performed and interpreted without knowledge of culture results.
GenoType MTBDRplus (version 1.0). Testing was performed on decontaminated sputum sediment as well as culture with confirmed TB growth. Briefly, 500 l of decontaminated sediment was centrifuged and resuspended with 100 l ultrapure water or 1,000 l of bacterial suspension heat killed at 95°C for 20 min. DNA was extracted using an ultrasonic bath. Multiplex PCR was performed using HotStar Taq DNA polymerase 250 U (Qiagen GmBH, Hilden, Germany), with 40 amplification cycles for sediment and 30 cycles for cultured specimens. Hybridization was performed with a TwinCubator (Hain Lifescience GmbH). Test strips were interpreted in a two-step procedure. (i) The presence or absence of M. tuberculosis was determined and (ii) for strips with M. tuberculosis present, INH and RIF susceptibilities were interpreted. Strips that could not be definitively interpreted were repeated if possible using extracted DNA; definitive test results were reported from the second test or the final test results was reported as "indeterminate." MTBDR-Plus drug susceptibility results were interpreted only from specimens in which M. tuberculosis was present. Strips with mixed resistance results (i.e., both wildtype and resistance mutations present) were reported as resistant for sensitivity and specificity calculations.
GenoType direct line probe (version 4.0). RNA was extracted from a 500-l resuspended decontaminated pellet using a magnet separator (Hain Lifescience GmbH), followed by denaturation and isothermal nucleic acid amplification performed on 10 l purified RNA. We used 20 l of amplified solution hybridization with a TwinCubator (Hain Lifescience GmbH). Test strips were interpreted as follows. First, the presence of the conjugate control band was confirmed, and then species identification was interpreted according to a manufacturer-provided template. Strips lacking conjugate control or lacking amplification control (in the absence of positive banding indicating species) were considered uninterpretable and the specimen was rerun if possible. As with MTBDR-Plus LPA, if repeat testing provided a definitive result, this was recorded; otherwise, final results were recorded as "indeterminate."
Statistical methods. Sensitivity and specificity were calculated using standard epidemiological methods. The gold standard comparator for M. tuberculosis detection was liquid culture (MGIT), for mycobacterial identification it was biochemical species determination, and for INH and RIF drug susceptibility it was MGIT SIRE testing. Because of indeterminate results, sensitivity and specificity were calculated both from an intent-toscreen approach, where indeterminate LPA test results were interpreted as false negatives, and from the subgroup for which all test results for LPA and M. tuberculosis culture were definitive. In the participants with two specimens and among those, the participants who had a negative result on the first specimen, the incremental yield was calculated as the number of second specimens that were positive divided by the number of first specimens that were negative. The 95% confidence intervals (CIs) on these measures were calculated using Wilson's score binomial method. Twosided Fisher's exact and chi-square tests were used to compare sensitivities and specificities within subgroups, with results considered significant when alpha was Ͻ0.05; other statistical comparisons were done using two-sided Wilcoxon and chi-square tests.
The study was reviewed and approved by ethics committees at all participating sites and all participants gave written informed consent.
RESULTS
From September 2009 to October 2011, 639 eligible study participants with suspected TB provided sputum for evaluation. The median age was 36 years (interquartile range [IQR], 30, 42), 56.0% were male, and 68.5% were enrolled from Southern Africa (South Africa and Botswana) and 31.5% from South America (Brazil and Peru). The median CD4 ϩ cell count was 151 cells/mm 3 (IQR, 61, 308) with 22.4% receiving antiretroviral treatment (ART) and 23.8% having initiated TB treatment at the time of sputum collection (median 3 days [IQR, 1, 5] ). Table 1 shows baseline characteristics and predictors of M. tuberculosis MGIT positivity. Figure 1 indicates the specimen flow. There were 639 specimens that yielded smear microscopy, MGIT culture, Direct LPA, and MTBDR LPA results. MGIT was positive for M. tuberculosis in 379/639 (59.3%), of which 276 (72.8%) were AFB smear positive. MGIT was positive for nontuberculosis mycobacterium (NTM) in 14/639 (2.2%) (9 MAC, 1 M. kansasii, and 4 others); no MGIT culture yielded both TB and a second mycobacterial species. Of MGIT cultures, 210/639 (32.9%) were negative for any growth, 27/639 (4.2%) were contaminated, and 9/639 (1.4%) had no results due to site/lab error. Follow-up evaluation of participants with MGIT TB-negative or contaminated/missing results identified an additional 7 (1.1%) pulmonary M. tuberculosis culturepositive cases.
MTBDR-Plus LPA. MTBDR LPA was positive for M. tuberculosis in 315/639 (49.3%) specimens, negative for mycobacteria in 314 (49.1%), and had no available result in 10 (1.6%) due to test failure (7) or site/lab error (3). avium only in 9 (1.4%), negative for mycobacteria in 261 (40.8%), indeterminate in 7 (1.1%), and with no available result in 9 (1.4%), due to test failure (6) or site/lab error (3). Of the 7 Direct LPA indeterminate results, 3 were AFB smear positive and 4 were AFB smear negative. Direct LPA was positive for NTM in 10/639 (4 MAC, 3 M. kansasii, and 3 with mixed infections with both M. tuberculosis and MAC detected) ( Table 2 ). Five of the 10 MAC or M. kansasii cases detected by MGIT culture were detected by Direct LPA.
Direct LPA correctly identified 334/378 (sensitivity, 88.4% [CI, 84.7%, 91.2%]) of MGIT TB positive specimens (Table 3) , identifying an additional 9 specimens with M. tuberculosis in which MGIT failed, due to contamination (6) and site/lab error (3) (Table 2). Of the 591 with interpretable MGIT and Direct LPA results, the sensitivity of Direct LPA for M. tuberculosis detection by AFB smear grade was as follows (Fig. 3) 
DISCUSSION
This study demonstrates that MTBDR and direct line probe assays can be used effectively in HIV-infected patients undergoing TB evaluation, including those with AFB smear-negative specimens. For identification of M. tuberculosis drug resistance, MTBDR demonstrated similar performance in an HIV-infected population as has been previously shown in HIV-uninfected populations (17) , detecting 91.7% of rifampin resistance and 70.6% of INH resistance. Sensitivities increased to 100% for RIF resistance and 85.7% for INH resistance when assays were restricted to samples with results interpretable by both MGIT and LPA.
When considering performance by AFB smear status, the Direct and MTBDR line probes both had excellent sensitivity of 95.6% to 95.9% on AFB ϩ direct sputum samples. In AFB-negative specimens, the Direct line probe identified culture-confirmed M. tuberculosis in 74.7% of AFB-negative and 66.7% of scanty smearpositive specimens, similar to the sensitivity of 68 to 75% (18) reported with Xpert MTB/RIF in AFB-negative specimens (19, 20) . MTBDR was less sensitive than the Direct line probe for M. tuberculosis detection, but did identify culture-confirmed M. tuberculosis in nearly half (45.5%); these specimens were able to undergo rapid drug susceptibility testing as well. An updated version 2.0 of MTBDR-Plus was released in 2011 with reported improved sensitivity in AFB-negative specimens, ranging from 58% to 80% (21, 22) , further bolstering the ability to use this assay in smear-negative specimens.
The landscape of M. tuberculosis diagnostics has undergone remarkable changes with the development and accelerated rollout of rapid, self-contained PCR platforms such as the Xpert MTB/ RIF. The Xpert MTB/RIF provides an attractive alternative to line probe assays, which requires skilled laboratory staff, specialized equipment, and dedicated PCR space to reduce the risk of contamination. Given the advantages of this increasingly available technology, what is the current role of line probe assays for rapid detection of M. tuberculosis, NTM, and M. tuberculosis drug resistance? Line probe assays are still important tools for both current TB clinical care and research due to several advantageous aspects. First, the MTBDR assay is one of the few rapid diagnostics that evaluates INH susceptibility, which is not part of the current Xpert MTB/RIF test. probes can facilitate trial conduction and help ensure inclusion of appropriate participants. In clinical care, there has been debate about the significance of INH monoresistance and effects on TB treatment outcomes (24) (25) (26) (27) . However, a South African study (27) and a meta-analysis (26) have both demonstrated poor TB outcomes with INH monoresistance, and two studies suggest that early detection of INH resistance with modification of treatment led to better outcomes (24, 25) . Further, the presence of rifampin resistance alone cannot be relied upon to predict INH resistance; INH susceptibility ranges from Յ11% to Ͼ40% of RIF-resistant isolates, depending on the setting (28, 29) . Thus, there remains a need for rapid assessment of INH resistance in both research and clinical care settings. It is important to note that molecular detection methods for INH resistance detect only a portion of mutations leading to INH resistance (17) , as reflected by the MTBDR sensitivity in this series of 70.6% to 85.7%. The MTBDR-Plus version 2.0 has improved INH detection, with sensitivities of 89% to 100% in recent series (21, 22) .
A second advantage of line probe assays is the ability to detect nontuberculosis mycobacterium that are of particular clinical relevance to the HIV-infected population, specifically MAC and M. kansasii, and which may present similarly to or even in conjunction with TB infection. However, in this series, NTM were infrequently identified by either MGIT (2.2%) or Direct LPA (1.6%). Direct LPA identified 7 NTM (MAC or M. kansasii) as well as 3 mixed infections with MAC/M. tuberculosis. Thus, detection of NTMs may be of limited utility in a rapid M. tuberculosis diagnostic in this study's settings of particularly high TB prevalence but may have increased utility in settings with higher prevalences of MAC and/or M. kansasii (9, (30) (31) (32) .
When considering line probe assay performance in comparison to culture-based methods, liquid-based mycobacterial culture is limited by contamination rates that can be as high as 14.0% to 18.6% (7, 33, 34) . The line probe invalid rates were substantially lower, at 1.6% with MTBDR and 1.1% with Direct LPA, than the MGIT contamination rate in this series of 4.2%.
The study used one MGIT culture as the comparator strategy for M. tuberculosis identification, as access to culture-based M. tuberculosis evaluation is often limited by cost and access in resource-limited settings, and a single MGIT has demonstrated a higher yield for TB diagnosis than three solid-media M. tuberculosis cultures (35) . Additional MGIT cultures may have identified more culture-confirmed M. tuberculosis (35) ; however, the specificity of the LPAs was high, suggesting that substantial TB cases were not being missed, and follow-up of available standard-ofcare testing identified only 7 (1.1%) additional M. tuberculosis culture-positive cases. In addition, the study used three different labs, which has the potential to introduce bias if laboratory techniques differ across sites. To minimize this potential for bias, all sites participated in external quality assurance proficiency testing for AFB smear and mycobacterial culture, and personnel were trained by Hain technicians on correct conduct of both LPAs.
The AFB ϩ rate in this series was high for an HIV-TB coinfected population, in which AFB Ϫ disease can be more frequent, particularly with advanced HIV. The median CD4 ϩ cell count was 151/ mm 3 , indicating considerable immunosuppression; however, only 18.2% of TB cases occurred in patients with CD4
ϩ Յ50, where the highest rates of AFB smear negative disease generally occur (36) . In addition, participants screened were suspected to have high-risk TB, with either demonstrated AFB ϩ sputum or empirical TB treatment planned, with 64.6% receiving TB treatment within 30 days of enrollment. Thus, the population may have been enriched for AFB ϩ specimens, given these eligibility criteria. However, nearly 100 AFB smear-negative, MGIT M. tuberculosis-positive specimens were available for analysis of LPA performance.
This study represents the largest series evaluating line probe assays in a known HIV-infected population. Our findings supports the use of the MTBDR line probe assay for rapid M. tuberculosis drug resistance identification in HIV-infected TB suspects, specifically in settings where rapid identification of INH resistance is a priority. While AFB-negative sputum decreases test sensitivity, use in this setting may still be considered, because MTBDR provided interpretable results in nearly half of smear-negative specimens. The Direct LPA has improved sensitivity over MTBDR for M. tuberculosis detection in AFB-negative specimens and performed similarly to the Xpert MTB/RIF. However, the benefit of identifying clinically relevant NTM in HIV-infected patients was not clear in this series with a low prevalence of NTM. Use of line probe assays that can detect NTM should be explored in other settings of high HIV prevalence where increased NTM prevalence may justify the additional testing.
